W metal targets, along with the impact of encasing on the separation chemistry, targets were first irradiated using a 22 MeV deuteron beam for 10 min at 10, 20, and 27 μA, with an estimated nominal deuteron energy of 18.7 MeV on the 186 W target material (after energy degradation correction from top graphite layer). Gamma-ray spectrometry was performed post EOB on all targets to assess production yields and radionuclidic byproducts. The investigation also evaluated a method to recover and recycle enriched target material from a column isolation procedure. Material composition analyses of target materials, pass-through/wash solutions and recycling process isolates were conducted with SEM, FTIR, XRD, EDS and ICP-MS spectrometry. To demonstrate scaled-up production, a graphite-encased Re in this scaledup production run was 2.6 ± 0.5 GBq/μg (70 ± 10 Ci/mg).
Re is of interest for development of theranostic radiopharmaceuticals. Previous studies have shown that high specific activity 186g Re can be obtained by cyclotron irradiation of enriched 186 W via the 186 W(d,2n) 186g Re reaction, but most irradiations were conducted at low beam currents and for short durations. In this investigation, enriched 186 W metal targets were irradiated at high incident deuteron beam currents to demonstrate production rates and contaminants produced when using thick targets. Full-stopping thick targets, as determined using SRIM, were prepared by uniaxial pressing of powdered natural abundance W metal or 96.86 % enriched 186 W metal encased between two layers of graphite flakes for target material stabilization. An assessment of structural integrity was made on each target preparation. To assess the performance of graphiteencased thick 186 W metal targets, along with the impact of encasing on the separation chemistry, targets were first irradiated using a 22 MeV deuteron beam for 10 min at 10, 20, and 27 μA, with an estimated nominal deuteron energy of 18.7 MeV on the 186 W target material (after energy degradation correction from top graphite layer). Gamma-ray spectrometry was performed post EOB on all targets to assess production yields and radionuclidic byproducts. The investigation also evaluated a method to recover and recycle enriched target material from a column isolation procedure. Material composition analyses of target materials, pass-through/wash solutions and recycling process isolates were conducted with SEM, FTIR, XRD, EDS and ICP-MS spectrometry. To demonstrate scaled-up production, a graphite-encased 186 W target made from recycled 186 W was irradiated for ~2 h with 18.7 MeV deuterons at a beam current of 27 μA to provide 0.90 GBq (24.3 mCi) of 186g Re, decay-corrected to the end of bombardment. ICP-MS analysis of the isolated
Introduction
There has been a recent focus on development of therapeutic radiopharmaceuticals that incorporate "theranostic" radionuclides for use in personalized medicine [1] [2] [3] [4] [5] . Such radionuclides have particle emissions with properties that provide targeted therapy, but also have photon 186g Re production emissions that can be used to provide diagnostic information (e. g. tumor targeting and tissue dose estimates) through single photon emission tomography (SPECT) or positron emission tomography (PET). One theranostic radionuclide of high interest is the β − particle-emitting radionuclide rhenium-186g ( 186g Re) [6] . 186g Re has a half-life of 89.2 h, making it attractive for use with cancer targeting agents such as monoclonal antibodies [7] [8] [9] , and also long enough to accommodate synthesis and shipment of the radiopharmaceuticals before significant decay occurs. Its emission of medium energy β − particles (E β endpoint = 1.07 and 0.93 MeV) are significantly lower than those from yttrium-90 ( 90 Y; E β endpoint = 2.28 MeV), which is widely used in therapeutic radiopharmaceuticals. The lower β − particle energy decreases its path length in tissues, potentially decreasing toxicity from irradiation of normal tissues. In addition to the β − emissions from 186g Re, there is a useful γ photon emission at 137 keV (9.5 % abundance). Importantly, this emitted photon energy is similar to the 141 keV γ photon emission of the most widely used diagnostic radionuclide, 99m Tc; making it possible to use current planar and SPECT/ CT imaging equipment for patient imaging with 186g Re. The primary method for clinical-level production of 186g Re is the nuclear reactor-based "n,γ" reaction [10] . However, this production route has a major drawback for use of 186g Re in radioimmunotherapy, or other targeted radionuclide therapies, in that it can only provide low specific activity. Despite high thermal and epithermal neutron cross-sections of 185 Re (106 b and 1632 b, respectively), research reactors are capable of producing specific activities that are considered marginal at best for radioimmunotherapy [11] [12] [13] . Previously, nearly 740 GBq (~20 Ci) of 186g Re was produced by neutron irradiation in a single run. Unfortunately, it had a specific activity of ~111 GBq/ mg (~3 Ci/mg), which represents only ~2 % activation of 185 Re to 186g Re [14] . Such a low specific activity is a major problem for directly labeled antibodies, but is even more problematic if used in "pretargeting" protocols. Unlike directly labeled antibodies, pretargeting employs a two-or three-step approach. In the pretargeting approach, large molecular weight (e. g. 200 kDa) antibody conjugates are used to target cancer cells, followed by removal of excess antibody conjugate from blood using a "clearing agent", and subsequent administration of the radionuclide on a small molecule (e. g. 300 Da) that rapidly binds with the antibody conjugate on cancer cells. The requirement to have higher specific activity for radiolabeling pretargeting agents comes from the fact that more radioactivity (e. g. 59 MBq of 90 Y in mouse models) per molar quantity of carrier molecule injected (e. g. ~1 nmol) can be administered on pretargeting agents than on directly labeled antibodies (e. g. 15 MBq of 90 Y) before dose limiting toxicity is observed due to differences in the pharmacokinetics of the two agents [15] [16] [17] .
In contrast to reactor irradiations, charged-particle induced production of 186g Re can provide high specific activity. This is possible since the target material used in irradiations to make 186g Re is a different element, and thus can be chemically separated post irradiation. [11, 19, 20] , Al 2 (WO 4 ) 3 [24] , WC [25] and WS 2 [26] . An 192 Os(p,α3n) 186 Re reaction has also been conducted on OsS 2 to produce 186g Re [26, 27] . Unfortunately, most of the prior studies involving production of 186g Re were limited to "thin" target bombardments or thick target investigations using natural abundance target material, and published efforts on demonstrating scaled-up irradiation and chemical processing of enriched targets have been limited. It was concluded from those investigations that activation of 186 W by deuterons was preferred over protons as: (1) production yields are at least 3-5 times higher [18, 22, 28] , (2) the 186g Re radionuclidic purity is higher and remains higher over a longer time [18, 23, 24] , and (3) lower quantities of enriched 186 W target material are required for the irradiations due to the increased stopping power of deuterons. This latter point is important as it facilitates the chemical separation of the product from target material and results in lower production costs [18] .
We previously published an investigation involving target preparation and deuteron irradiation to produce high specific activity 186g Re using the
Re reaction on W metal and WO 3 targets [29] . In that investigation, targets prepared from WO 3 were found to be unstable under the irradiation conditions studied, but W metal targets encased in graphite withstood up to 10 μA beam currents for 10 min without degradation. Preliminary studies to develop a method for recycling enriched 186 W target were also part of that investigation. In this investigation, our goal was to demonstrate scale-up of 186g Re production and determine the specific activity of Re reaction using irradiated natural abundance and enriched thick 186 W powder targets encased in graphite layers. The irradiations were conducted at higher beam currents (20 and 27 μA) than previously used, and with an irradiation time of up to 2 h. Another goal of the investigation was to demonstrate that the costly enriched 186 W target material could be efficiently recycled and reused in subsequent irradiations. Reported herein are the experimental methods used and results obtained in this investigation.
Materials and methods

Cyclotron facility
Deuteron irradiations were conducted on the variable energy, positive ion, multi-particle Scanditronix MC50 compact cyclotron at the University of Washington Medical Cyclotron Facility. Irradiations with deuterons were conducted at an experimental radionuclide production target station installed at the terminal portion of a dedicated beamline without an automated target recovery system, as previously described [29] . The lack of an automated retrieval system limited the production run to a 2-h period and resulted in target retrieval being delayed after irradiation to minimize radiation dose to personnel. W. Full-stopping thicknesses for deuteron bombardment of W metal targets and graphite layers were calculated using SRIM [30, 31] .
W target preparation and characterization
W metal powder and graphite flakes were dried in an oven at 105 °C prior to use. Target pellets were prepared by uniaxially pressing powdered W metal (both natural abundance and 186 W) between two layers of graphite flakes in an aluminum target support under 13.8 MPa of pressure with a Carver model C hydraulic laboratory press (Carver Inc., Wabash, IN, USA). The W metal target pellets were prepared by placing ~50 mg of graphite flakes (Sigma-Aldrich, catalog #332461) into the 1.5 mm deep × 12.7 mm in diameter well of a 25-mm circumference aluminum backing; followed by placing a calculated amount (~700 mg) of W powder on top of the graphite, then placing another ~100 mg of graphite flakes on top of the W powder. After the layered target materials were pressed into a pellet in the aluminum backing, an aluminum target cap with a 10-mm opening was placed on top of the holder as previously described [29] .
Following preparation, the target pellets were inspected for integrity by visible inspection for cracking or collection of "debris" around the edge of the aluminum target support. Some target materials were analyzed by FTIR spectroscopy using a Bruker Vertex 70 FTIR spectrometer with an attenuated total reflectance attachment and a resolution of 4 cm −1
. The background signal was determined using a clean silicon wafer. X-ray diffraction spectroscopy (XRD) analyses of WO 3 target materials were conducted on a Bruker D8 Discover with GADDS XRD system using a Cu K α X-ray source (λ = 1.54 Å) and 300 s collection time. A few non-irradiated target pellets (pressed W metal, graphite stabilized, and reduced) were evaluated on an FEI Sirion Field Emission SEM in secondary electron imaging mode with an accelerating voltage of 5 kV. Assessments of the target pellet structural integrity were also conducted using scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). Once prepared, the graphite-encased W targets were placed under high vacuum to test their stability prior to irradiation.
Deuteron irradiations
The graphite-encased target pellet was placed in the target holder on the cyclotron beamline and put under high vacuum. The top graphite layer was open to vacuum on the target material side. The targets were positioned 90° to the incident deuteron beam, with the beam centered on target. The target assembly was cooled using a water stream with a flow rate of 10 L/min from the side opposite the target pellet. Uniaxial hydrolyic pressed, graphite-encased, thick W metal targets ranging in mass of W from 691 mg (545 mg/ cm 2 ) to 785 mg (620 mg/cm 2 ) were irradiated using the deuteron beam conditions shown in Table 1 . Targets were weighed prior to and following irradiation to determine if W was ~18.7 MeV. Irradiations of W metal began with an increase of the current from approximately 1 μA to the desired beam intensity over a period of ~30 s to allow for any outgassing from the target material during the initial stage of bombardment. After irradiation, the targets were allowed to remain in place on the target station for between 1 and 24 h before removal to allow short-lived radionuclides to decay. To demonstrate a scaled-up production run, a graphite-encased recycled 186 W target was irradiated with 22 MeV deuterons at a beam intensity of 27 μA for ~2 h to obtain a measured 54 μAh (0.1944 C) charge.
Isolation of Re from irradiated targets
All irradiated graphite-encased thick natural abundance W and enriched 186 W targets were dissolved in the presence of the Al support plate by slow addition of 30 % H 2 O 2 until the reaction reached quiescence (typically 45 min). Reaction completeness was also signified by the presence of floating graphite flakes, as opposed to sunken solid material indicative of undissolved W metal. Following dissolution, the solution was gently heated at ~90 °C until quiescence was again observed (typically 60-90 min). It should be noted that each reaction was allowed to come to quiescence before proceeding to the next step, as failure to do so resulted in poor (0 %-30 %) isolated radiochemical yields. An equal volume of 3 M (NH 4 ) 2 CO 3 was added to the dissolved tungsten solution to yield a final concentration of 1.5 M (NH 4 ) 2 CO 3 solution. Aliquots of the dissolved target material were obtained to determine the Re radioisotope yields. Separation of the Re isotopes from the W target material was accomplished by elution on a column packed with (typically ~300 mg) Analig Tc-02 resin (IBC Advanced Technologies, American Fork, Utah). That column was preconditioned with 1.5 M (NH 4 ) 2 CO 3 prior to loading the irradiated material. The addition of a small amount of spun glass wool to the top of the column acted as a coarse filter to keep the fritted filter on the column clear of graphite debris. The Analig column was loaded with the dissolved target solution, allowing the liquid to run out of the column, then the column was washed with ~40-50 mL of 1 M (NH 4 ) 2 CO 3 to remove any remaining W target material. Enriched 186 W wash solutions were saved for recycling of 186 W. Following that, radiorhenium was eluted with 3 mL of H 2 O preheated to ~80 °C. Aliquots of eluted product were assayed using γ-ray spectrometry measurements (Section 2.6), and specific activity of the isolated 186g Re was determined (after decay) by ICP-MS (Section 2.7).
186 W target recycling
Oxidized 186 W was collected from the column in the loading solution pass-through and in the (NH 4 ) 2 CO 3 column washes. The pass-through fractions and washes were combined and slowly acidified with a volume of concentrated HCl sufficient to precipitate a yellow/green solid (~130 mL). To that mixture was added an additional 20 mL of concentrated HCl to ensure complete precipitation of the W. The hydrated tungstate was kept in an air atmosphere for 72 h to allow time for full conversion to WO 3 (theoretical mass of 2.61 g). 3 pellet was put on a 5-mm tantalum foil and that was placed in an alumina processing tube for insertion into in a high temperature tube furnace (Carbolite model STF 16/180 single zone tube furnace). The pellet was subsequently heated under an Ar atmosphere to 1550 °C by increasing the temperature at 5 °C/min. Once 1550 °C was reached, the furnace was held at that temperature for 4 h under Ar, then allowed to slowly cool to ambient temperature under Ar. It should be noted that in the heating process the W pellet structure was degraded to yield a clumpy powder that was used directly in the production of a 186 W target. Energy dispersive X-ray spectroscopy (EDS) was used to confirm full reduction of the [ 
Gamma-ray spectrometry
Gamma spectrometry, using a HPGe detector, was generally performed within 24 h of the end of bombardment to assess production yields and radionuclidic by products. Targets were assayed using an EG&G Ortec model GEM-18180-P HPGe detector system (Ametek, Oak Ridge, TN, USA) with model 659 High Voltage supply and model 672 Spectrometry Amplifier and Maestro version 7 software (Ametek, Oak Ridge, TN, USA) to assess the radionuclides produced. The HPGe detector was calibrated with sealed sources of 133 Ba, 137 Cs, and 60 Co at a measured distance of 24 cm. All HPGe assays were given sufficient acquisition time to generate a minimum of 10,000 net counts in the 137 keV 186g Re peak with a typical deadtime value of <8 %. 186g Re solution obtained from elution of the Analig column (3 mL) was taken to dryness using a Biotage V-10 evaporator (Charleston, NC, USA), re-dissolved in 1 mL of 5 % nitric acid and diluted 250 times in 5 % HNO 3 for ICP-MS analysis. Calibration curves were generated using 185/187 Re standard solutions at concentrations of 0.5, 2, 10 and 50 ppb, with R 2 ≥ 0.9994. A 100 ppb solution of Sn and Bi was used as internal standard (ISTD). The ISTD was aspirated by a separate line and mixed with samples or standard solutions before the nebulizer using an online ISTD addition connector. A semiquantitative elemental analysis was conducted on the decayed 186 Re product solution to analyze for inorganic impurities in the sample. The analysis was performed under helium collision mode using the Semi Quant acquisition method built in the MassHunter Workstation. Ten ppm and 1 ppm single element ICP-MS standard solutions were obtained from Agilent Technologies (Santa Clara, CA, USA) and Inorganic Ventures (Christiansburg, Virginia) for use. A solution containing 10 ppb Al, 1 ppb Cr, Co, Cu, Y, Sn, Ce, Er, Re and Tl was prepared and used as the standard for Semi Quant factor correction. In the Semi Quant analysis mass numbers from 23 to 238 scanned to analyze inorganic impurities in the decayed 186 Re product.
Inductively coupled plasma -mass spectrometry (ICP-MS)
Results
Target preparation by uniaxial pressing
The quantity of W required for full-stopping of the deuteron beam at the different beam energies was determined by SRIM calculations for the thick targets prepared. The SRIM calculations included the graphite layer pressed on top of the W. Once the full-stopping quantity of W was determined, thick targets, both natural abundance and enriched 186 W metal, were prepared by uniaxially pressing that amount of W metal powder between ~100 mg of graphite on the face of the target and ~50 mg of graphite behind the target material. Prior to their use in an irradiation, the graphite-encased thick W powder targets produced were visually inspected for cracks before and after being placed under the high-vacuum conditions of the target station.
As part of this investigation there was a desire to prepare an enriched 186 W target from recycled 186 W. However, the recycled 186 W (0.717 g) that was available was not sufficient to provide full stopping of an 18 MeV deuteron beam (with an excess for assurance), so ~10 % additional 186 W from the same commercial batch was added to obtain 762 mg (602 mg/cm 2 ) for the target. Similar to nonrecycled targets, the recycled target preparation employed uniaxial hydrolytic pressing of the 762 mg of enriched 186 W encased between 54.2 mg of graphite flakes on the bottom (away from the beam) and 104 mg (82 mg/cm 2 ) graphite flakes on top (towards beam). This recycled target was subsequently irradiated and chemically processed.
Deuteron irradiation
All of the W targets prepared in this study, both natural abundance and 186 W, used graphite encasement of the pressed W metal powder to avoid the problems encountered previously with instability of pressed W metal targets during bombardment [29] . The irradiations were conducted using 22 MeV deuterons that were degraded to 18.3 MeV by the top layer of graphite flakes pressed onto the target material. The initial studies were conducted with the graphite-encased natural abundance W targets to assess irradiation parameters, further develop the isolation process, and to evaluate a thermal reductive recycling method. In those evaluations, beam currents of 10, 20 and 27 μA were used. The 27-μA current was found to be the maximum deuteron beam current that the cyclotron could produce under the conditions used. After irradiations using the natural abundance W metal targets were 186g Re production evaluated, the studies transitioned to target preparation and irradiations of the more expensive 186 W metal. A compilation of the irradiations conducted are shown in Table 1 . The radioactivity in each irradiated target was determined by HPGe analysis via assay of a sample aliquot of known volume. Decay corrected saturated yields of 186g Re at the beam currents investigated are shown in Table 2 .
186g
Re isolation
After each irradiation, the target was dissolved and processed to isolate the 186g Re (as [ 186g Re]ReO 4 − ). Isolation of 186g Re consisted of an initial dissolution of the pressed target pellet with 30 % H 2 O 2 , followed by heating to facilitate decomposition of any remaining H 2 O 2. The highest recovery yields of 186g Re were obtained when the reaction was allowed to come to quiescence before proceeding to the next step. After reaching quiescence, the mixture was made basic with the addition of 3 M (NH 4 ) 2 CO 3 , then it was passed over an Analig Tc-02 resin column, followed by washing with 1 M (NH 4 ) 2 CO 3 to remove the 186 W. Following that the 186g ReO 4 − was eluted with 80 °C water. Gamma-ray spectroscopy was performed on aliquots of the dissolution solutions, and on isolated 186g Re activity to assess production and isolation yields, as well as determine the radionuclidic byproducts produced. Isolated radiochemical yields of 186g Re were typically between 70 % and 79 % using this procedure. There was concern that the use of graphite to encase (stabilize) the irradiated target might decrease the isolated 186g Re yields and recovery of the enriched 186 W. However, isolated radiochemical yields of 186g Re from targets with or without graphite-stabilization were found to be similar, and mass loss of 186 W from the target during bombardment was found to be <1 % [29] . 186 3 produced in the same manner demonstrated that WO 3 could be fully dehydrated by calcination at 800 °C for 3.5-4 h, with the resultant material being essentially identical to a commercial sample of WO 3 . X-ray diffraction spectroscopy (XRD) analysis showed that the recovered WO 3 had a monoclinic crystal structure [32] identical to the commercial available powder. Scanning electron microscopy (SEM) provided micrographs of the converted W metal (Figure 1 ) that showed individual grains of the W metal were separated, and that sintering or annealing had not occurred. Further analyses using EDS ( Figure 2 ) and XRD ( Figure 3) Re isolation solution (from Analig column) was set aside to decay prior to analysis. To obtain the total mass of stable rhenium in the solution, all of the water (~3 mL) was removed using a Biotage solvent evaporation system, and was replaced with high purity 5 % HNO 3 (1 mL). ICP-MS analysis indicated that the solution contained 350 ± 20 ng of stable 185 Re and
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Re isotopes, providing a specific activity of 2.6 ± 0.5 GBq/μg (70 ± 10 Ci/mg). Using the "Semi-Quant" acquisition method provided with the Workstation software, it was determined that the solution also contained other non-radioactive metal impurities, including 186 W (1562 ppm), Na (87 ppm), Al (7.4 ppm), Fe (2.3 ppm), Ti (<1 ppm) and Mn (<1 ppm). There were also a number of other metals present in <1 ppm concentration.
Discussion and conclusions
The overall objective of these studies was to demonstrate that GBq (mCi) quantities of high specific activity 186g Re for preclinical studies could be produced on our cyclotron using deuteron irradiation of graphite-encased W metal targets. In prior studies, we determined a deuteron beam energy that could be used to maximize 186g Re production in relation to the production of radioisotopic contaminants 183 Re and 184g
Re [29] . The experiments were conducted using a deuteron beam current of 10 μA with beam energies of 15, 17, 20, 22 and 24 MeV for a duration of 10 min. The results from 10-min deuteron irradiations at the various beam energies were extrapolated to provide decaycorrected saturated yields of 186g Re, which ranged from 1.47 ± 0.08 to 2.27 ± 0.12 GBq/μA. From that data, a bombardment energy of 17 MeV was selected for production runs, since it had a saturated yield of 1.81 ± 0.09 GBq/μA with relatively low levels of coproduced Re ratio of 0.39 % ± 0.02 %). The prior results were encouraging, however the quantities of 186g Re produced were very low due to the fact that the irradiations were only 10 min long, and beam currents higher than 10 μA were not tested. In the prior studies, we had observed thermal transformation of WO 3 to W metal, which we believed might be used to recycle enriched 186 W, but that approach had not been proven. Thus, in this follow-on investigation, we (a) conducted deuteron irradiations of graphite-encased enriched 186 W at higher beam currents and for a longer period of time, (b) obtained isolation yields of Re required for preclinical studies could be produced using a deuteron beam irradiation of enriched 186 W, a robust target was needed. Our prior studies demonstrated that usable pellets for deuteron irradiation of thick W targets, both natural abundance and enriched 186 W, could be prepared Re production by uniaxial hydraulic pressing of powdered W metal directly into an aluminum backing [29] . However, the pellets were not stable when irradiated with beam energies higher than 10 μA. This was problematic as higher currents are needed for the scale-up to production levels. Difficulties with preparing stable W powder targets led to the use of graphite flakes pressed on top of the W metal to stabilize the pellets. Additionally, it was found that the use of graphite between the W powder and the aluminum target holder made it easier to remove the irradiated material from the aluminum backing after irradiation. Therefore, in this investigation W powder targets were prepared with a graphite layer on top and on the back of the W metal powder.
In our prior study, deuteron beams at 15 (15.05 ± 0.05) MeV, 17 (17.07 ± 0.06) MeV, 20 (20.03 ± 0.07) MeV, 22 (21.99 ± 0.08) MeV and ~24 (23.85 ± 0.08) MeV were developed. The ~100-mg layer of graphite used on top of the W powder provided stable target pellets when irradiated, but resulted in degradation of the beam energy when it passed through the top graphite layer. It was estimated using SRIM that the ~100-mg quantity of pressed graphite flakes decreased the incident beam energy on the W metal by ~3. 2-3.5 MeV. An analysis of the beam degradation will be done in future runs by using aluminum as a monitor foil via the 27 Al(d,x) 24 Na reaction [33] through the range of pressed graphite flake thicknesses that one might have with ~100 mg (e. g. 95-105 mg). Of the deuteron beam energies previously studied, we found that the 17 MeV beam provided the best trade-off between production rate and coproduction of other Re nuclides. While that is the case, no energies between 17 MeV and 20 MeV were evaluated, so it is not known whether an energy between those two might offer further optimization. Having already developed a 22 MeV deuteron beam, we chose to use that energy for irradiation of the graphite-encased 186 W targets. Since it was estimated that the graphite layer decreased the incident beam energy by 3.2-3.5 MeV, the incident beam energy was calculated to be 18.7 MeV on the W metal.
Natural abundance W metal powder in graphiteencased thick targets were initially irradiated with a nominal beam energy of 18.7 MeV and beam currents of 10 μA to 20 μA, then 27 μA, as shown in Table 1 . Although the irradiations were of short duration (10 min), it was apparent that the use of graphite-encasement allowed an increase in deuteron beam current from 10 μA to the maximum deuteron current obtained on our cyclotron (i. e. 27 μA). After evaluating natural abundance W targets, graphite-encased enriched 186 W thick targets were prepared and irradiated for 10 min to obtain 186g Re production yields, measure radioisotopic impurities and to conduct chemical studies. The calculated 186g Re production yields at saturation for those runs are shown in Table 2 . The 10-min irradiation at 27 μA gave slightly lower saturation yields to those previously observed at 10 μA. Importantly, the relative abundances of coproduced were the same as observed for 17 MeV deuterons [29] .
It was apparent from our data, and other published data, that this approach could provide reasonable production rates using enriched 186 W, but its high cost makes the development of a method for recovery and reuse of that isotope a necessity. Therefore, studies were conducted to develop a method of recycling the 186 W. Our previous studies showed that pure WO 3 could be efficiently obtained from the collected column effluents after calcination, and (separately) that thermal reduction of WO 3 under Ar could be accomplished at high-temperature [29] . Initially it was thought that this later step might provide a way to make more stable pellets for use in irradiations, so experiments were conducted to evaluate this possibility. In the experiments, several WO 3 pellets were prepared using uniaxial hydraulic pressing outside of the aluminum target backing to evaluate recycling of W target material. The pellets were heated at 1550 °C for 4 to 8 h under argon atmosphere to convert them to W metal pellets, then they were allowed to cool to room temperature. Most of the W pellets obtained in this process disintegrated to a point where they were not usable, but some held together. An attempt to place a pellet that remained intact into an aluminum backing for irradiation resulted in cracking of the pellet, proving that pellets made in this manner were too fragile for use. This sequence of steps is shown in the four pictures in Figure 4 . The results demonstrated that it was not possible to produce stable pressed W targets from this recycling approach, but reduction of WO 3 to W was found to be complete (Figures 2 and 3 Re isolation waste stream. Following those experiments, additional experiments were undertaken to combine the two steps (i. e. isolation of WO 3 and reduction to W metal), optimize the process and determine an overall recovery yield. That yield was calculated to be >97 %. This recovery yield is quite high, so further studies will be conducted to determine the variance in recovered 186 W yields. To culminate the investigation, we chose to evaluate all of the aspects of our production scheme (i. e. target preparation, isolation, recovery, and recycling) by conducting a production-level irradiation using recycled 186 Re labeling procedure, that amount may be decreased with further optimization of the isolation/purification method.
The overall goal of this investigation was to demonstrate that sufficient quantities of high specific activity 186g Re could be produced using deuteron irradiation on graphite-encased thick 186 W metal powder targets to conduct preclinical studies.
Although not yet proven, we believe that the methods described herein can be used for producing quantities of 186g Re required for clinical application (e. g. 200-500 mCi [7, 12, 34] [22] , and IAEA (18.5 MeV deuterons; 0.44 mCi/uAh) [36] . While these Re production numbers are encouraging for production of 186g Re using a deuteron beam, the problem with broad application is the fact that there are few cyclotrons with a deuteron beam that have similar beam energies [28] .
Proton irradiation is an alternative reaction for production of 186g Re, e. g. 186g W(p,n) 186g Re, but it has a lower cross-section, and may have lower radionuclidic purity. Recently, 4.70 GBq (126.9 mCi) of 186g Re was produced using an incident proton beam at 20.7 MeV (exiting at 13.3 MeV) with a beam current of 230 μA for 16.5 h at the Los Alamos National Laboratory [37] . In that investigation, the specific activity of the 186g Re was determined to be 0.79 GBq/μg, where approximately 1 in 9 Re atoms is the 186g Re. Importantly, that study demonstrated clinical levels of high specific activity 186g Re could be produced using a proton accelerator with a high beam current. However, it must be emphasized that production was also accomplished in a unique facility. Another alternative to obtain high specific activity 186g Re is to irradiate 192 Os [27] . The experimental physical yield of 186g Re from the 192 Os(p,α3n) 186g Re reaction has been found to be lower than theoretically predicted at 16 MeV [26] , but the energy used was considerably below the optimal energy (24 MeV) for the reaction. Interestingly, under the conditions studied another potentially useful Re therapeutic radionuclide, 189 Re, was produced in higher quantities than 186g Re. Further study of this route for producing 189 Re would be of value, but coproduction of large quantities of iridium isotopes may complicate purification.
In conclusion, we have demonstrated that adequate quantities of high specific activity 186g Re can be obtained for preclinical studies using an 18.7 MeV, 27 μA deuteron beam on 186 W powder targets that are pressed between two layers of graphite flakes. The use of deuteron irradiation was chosen because this route of production (vs. proton irradiation) offers a higher production rate, lower isotopic impurities, and lower quantities of the enriched isotope. This production route might yield sufficient quantities of 186g Re for clinical studies, however additional studies with longer irradiation times are required to demonstrate the durability of the graphite encasement under the irradiation conditions used. There have been a large number of published studies comparing production of 186g Re by deuteron and proton irradiation. While the targets used are very different, the results obtained in this study confirm the predicted advantages of using the deuteron reaction for production of 186g Re.
